Context. S-type AGB stars are thought to be in the transitional phase between M-type and C-type AGB stars. Because the composition of the circumstellar environment reflects the photospheric abundances, one may expect a strong influence of the stellar C/O ratio on the molecular chemistry and the mineralogy of the circumstellar dust. Aims. In this paper, we present a large sample of 87 intrinsic galactic S-type AGB stars, observed at infrared wavelengths with the Spitzer Space Telescope, and supplemented with ground-based optical data. Methods. On the one hand, we derive the stellar parameters from the optical spectroscopy and photometry, using a grid of model atmospheres. On the other, we decompose the infrared spectra to quantify the flux-contributions from the different dust species. Finally, we compare the independently determined stellar parameters and dust properties. Results. For the stars without significant dust emission features, we detect a strict relation between the presence of SiS absorption in the Spitzer spectra and the C/O ratio of the stellar atmosphere. These absorption bands can thus be used as an additional diagnostic for the C/O ratio. For stars with significant dust emission, we define three distinct groups, based on the relative contribution of certain dust species to the infrared flux. We find a strong link between group-membership and C/O ratio. Furthermore, we show that these groups can be explained by assuming that the dust-condensation can be cut short before silicates are produced, while the remaining free atoms and molecules can then be used to form the observed magnesium sulfides or the carriers of the unidentified 13 µm and 20 µm features. Finally, we present the detection of emission features attributed to molecules and dust characteristic to C-type stars, such as molecular SiS, hydrocarbons and magnesium sulfide grains. We show that we often detect magnesium sulfides together with molecular SiS and we propose that it is formed by a reaction of SiS molecules with Mg.
Introduction
The dredge-up of carbon in asymptotic giant branch (AGB) stars plays a key role in the chemical evolution from oxygen-rich Mtype stars to carbon-rich C-type stars (Iben & Renzini 1983; Herwig 2005; Habing & Olofsson 2004) . S-type stars are often considered to be an intermediate phase of AGB evolution between M-and C-type stars in which the C/O ratio of stars changes from the solar value to ratios larger than unity 1 . In the spectral classification scheme, S-type stars are defined by the presence of absorption bands of ZrO and LaO molecules in the optical spectra. The transition from oxygen-rich to carbon-rich marks an important chemical transition in the AGB evolution.
Following the chemical pathways relevant in the circumstellar environment, CO is the first molecule to form, locking up all of the available carbon or oxygen, whichever is less abundant. Subsequently, in M-type stars (C/O < 1) almost all C atoms will be consumed by CO and oxygen-rich molecules such as TiO, SiO, and H 2 O will be present. In carbon-rich stars (C/O > 1) the dominant molecules are CO, CH, C 2 , and C 2 H 2 . However, it is important to realize that this is a simplified picture of the circumstellar chemistry and only valid under the assumption of local thermal equilibrium (LTE). Due to non-equilibrium chemistry effects, oxygen-rich stars could display molecules that are typical for carbon-rich stars and vice versa (Cherchneff 2006) .
The chemical and physical properties of circumstellar dust grains are linked to the chemical composition of the stellar atmosphere. In an oxygen-rich environment, silicates and oxides are formed, while graphite, amorphous carbon, and silicon carbide are formed in carbon-rich environments. When the C/O ratio is very close to unity, both O and C are almost completely consumed in CO, in which case the dust condensation sequence is not well studied nor understood. Theoretical models predict the presence of FeSi and metallic Fe, but this still needs observational confirmation (Ferrarotti & Gail 2002) . Furthermore, some molecules and dust species that contain neither C nor O are also limited to certain chemical environments, for example magnesium sulfide dust and SiS molecules are typical for carbon-rich environments. This indicates that the C/O ratio does not only influence the carbon-and oxygen-abundance, but indirectly effects the entire chemical network, of which only a couple of molecular products are detected.
The chemistry of the circumstellar material is key to understanding the driving mechanism of mass-loss in AGB stars, one of the major open questions in stellar evolution. It is generally accepted that the mass loss of AGB stars is dust-driven (Lamers & Cassinelli 1999) . Pulsations bring the envelope far from the stellar equilibrium radius, where the temperatures are low enough for dust-condensation. This dust is easily accelerated by radiative pressure and it drags the gas along. For carbonrich stars, the opacity of amorphous carbon is high enough in the near-infrared to drive mass loss. For oxygen-rich stars however, theoretical studies suggest that silicates are not able to drive the wind (Woitke 2006; Höfner & Andersen 2007; Höfner 2008) . It is clear that an exact understanding of the process is lacking.
A recent study of the infrared spectra of nine S-type AGB stars from the Short Wavelength Spectrometer onboard of the Infrared Space Observatory (ISO/SWS), presented by Hony et al. (2009) showed that the infrared spectra of S-type AGB stars can be significantly different from those of oxygen-rich AGB stars and already reported on the detection of dust emission at 28 µm attributed to magnesium sulfides. Although this study shows that S-type AGB stars exhibit several unique dust characteristics, the study is limited because ISO/SWS is only sensitive to the brightest (at infrared wavelengths) AGB stars and thus to the S-type stars with higher mass-loss rates, while a large and homogeneous sample is necessary to draw conclusions about the dust condensation in S-type stars.
In this paper we present a combination of optical spectroscopy, infrared photometry and infrared spectroscopy for a sample of 87 intrinsic 2 S-type stars. This sample allows us to study the interaction between the chemistry and dynamics of the stellar atmosphere and the dusty circumstellar environment. In §2 and §3 we discuss the sample selection procedure and the data reduction. In §4 we derive the chemical and variability characteristics of the stars in our sample. In §5 we give an overview of the "naked" stellar atmospheres and we show that their spectral appearance of depends strongly on the C/O ratio of the star. In §6 we present a tool to decompose infrared (IR) spectra into the contribution of the stellar atmosphere and the different dust species, allowing us to classify the IR spectra of dust-rich stars into three distinct groups. We show that there is a relation between the C/O ratio and those groups.
The sample of S-type AGB stars
In order to study the interaction between the stellar atmosphere and the infrared properties of S-type AGB stars, we selected a large sample of S-type stars designed to include all intrinsic Stype AGB stars bright enough to be detectable with the Spitzer IRS spectrograph. This sample spans the entire range of C/O ratios, temperatures and s-process abundances found in S-type AGB stars, but is slightly biased towards stars with lower massloss rates (see Sect. 2.3).
Sample selection
A first sample was drawn from the second edition of the General Catalog of S stars (GCSS2, Stephenson 1994 ). This catalog classifies 1346 stars as S-type stars, based on the presence of ZrO or LaO bands in the red part of the optical spectrum. This method only selects stars based on an enrichment of s-process elements in their lower envelope, which not only includes stars that have undergone a recent third dredge-up event, the intrinsic S stars, but also stars that are enhanced with s-process elements by binary interaction, called extrinsic S stars (Brown et al. 1990 ). In order to study the dust-sequence on S-type AGB stars, we need to exclude the extrinsic stars from our sample.
Several properties distinguish both groups, such as luminosity, the K − [12] color, the presence of technetium in the atmosphere, and variability (Van Eck & Jorissen 1999) . The best distinction method is based on the presence of technetium (Tc), which is brought to the surface during the third dredge-up events. With a laboratory half-life time of approximately 2 × 10 5 years, the detection of Tc in the spectrum points to a recent third dredge-up event. Although the detection of Tc is the most secure way to include only intrinsic stars in the sample, it requires high resolution spectroscopy in the blue region where these cool stars are faint. A criterion based on the luminosity would introduce strong and unwanted biases on the distance or intrinsic brightness of the stars, while putting a lower limit on the infrared color K − [12] would favor stars with a dusty circumstellar environment. Considering all this, source variability turns out to be the most efficient way to discriminate between intrinsic and extrinsic S-type stars.
The ASAS light curves of the sample presented by Van Eck et al. (2000) were examined in the light of the intrinsic/extrinsic classification of these authors. For the extrinsic stars (excluding the symbiotic binaries), we found an upper limit of 0.12 mag for the standard deviations of the V-band light curves. Hence applying a lower limit of 0.12 mag on the standard deviations of the V-band light curves should result in the exclusion of the extrinsic S-type AGB stars. The remaining sample consisted of 459 presumably intrinsic S-type stars with variability amplitudes larger than 0.12 mag.
To estimate the source variability of the S-type stars, we have cross-identified all stars in the GCSS2 with the two major available variability surveys: the All Sky Automated Survey (ASAS) located at the Las Campanas Observatory (Pojmanski et al. 2005 ) and the Northern Sky Variability Survey 3 (NSVS) operated at Los Alamos National Laboratory (Woźniak et al. 2004a ). This resulted in 1154 S-type stars with V-band light curves.
In the last step, the sample was reduced to contain only stars that could be observed by Spitzer within a reasonable integration time. Therefore we used a cross-identification of the remaining sources with the catalogues of the Infrared Astronomical Satellite (IRAS) and the Two Micron All Sky Survey (2MASS). From the relation between the K magnitude and the 12 µm IRAS flux 4 we estimate that S stars with 4.5 mag < K < 5.5 mag exhibit maximum fluxes between 0.3 and 3 Jy in the Spitzer wavelength range, not so bright as to saturate the detector but sufficiently bright to allow short integration times. The final target list contained 90 sources (3 of which will be rejected based on the ground-based optical spectra).
Extrinsic intruders in our sample
Because the cut-off criterion on the standard deviations of the V-band light curve is not strict, we can expect a small number of extrinsic S-type stars in our sample. As said in the previous section, the best way to (a posteriori) confirm that a star is an S-type AGB star is to check for the presence of the 4238 Å , 4262 Å and 4297 Å Tc lines in high-resolution spectra (Uttenthaler et al. 2007) .
As a filler program, we obtained high-resolution spectra for some of the brightest stars in our sample. The target selection was inhomogeneous, focussing on (i) stars with low-amplitude light curves and (ii) stars with an unusual appearance in the low-resolution optical spectra. The first group of stars was targeted because the chance of finding an extrinsic S-type star amongst the low-amplitude pulsators is larger since true AGB stars are expected to have larger pulsation amplitudes. The stars with an unusual low-resolution optical spectrum could be misclassified as S-type stars in the GCSS2 (Stephenson 1994 ) (e.g. BD+02 4571). For more information on the low-and highresolution spectra and the lightcurves, see Sect. 3.
As shown by Uttenthaler et al. (2007) , we can make the distinction between Tc-rich and Tc-poor stars by comparing the flux ratios in the Tc line to a pseudo-continuum flux. Using this method a reliable distinction of this kind can be made, even for low SNR spectra.
Three stars did not show significant Tc lines and were removed from our sample (CPD−19 1672, BD+02 4571 and CSS 718) . Because of the inhomogeneous subset of stars with high-resolution spectra, this ratio of 3 stars without Tc lines in a subset of 13 stars is not representative for the entire sample. Discarding these stars, we are left with a total sample of 87 Stype AGB stars.
Bias towards low mass-loss rates
During the target selection phase, we put a limit on the K-band magnitude and cross-identified the sample with the ASAS and NSVS catalogs. Because both surveys are limited to V-band magnitudes of approximately 14 and the K-band magnitude is limited to the 4.5-5.5 mag range, we have effectively limited the sample to stars with V − K < 10 mag.
Based on the marcs model atmospheres for S-type AGB stars without detectable circumstellar material (see Section 4), we can expect V − K values up to 10 mag or more for stars with T eff lower than 2700 K, even without circumstellar material. Stars with circumstellar dust are reddened and thus have higher values for the V − K color. The limitation on this color will exclude the stars with the highest mass-loss rates because they appear redder (Guandalini 2010) .
In Fig. 1 , we show the J − K and V − K colors for our stars, the sample of S stars observed with ISO/SWS (Hony et al. 2009 ) and all S-type stars found in the Stephenson Catalog for comparison. For our stars, the phase-calibrated V-band magnitudes are derived from the light curves in the ASAS or AAVSO database and new measurements with the MkII photometer, discussed in more detail in Sect. 3.2.1. For the ISO/SWS sources we use the AAVSO database to derive the phase-calibrated V magnitudes. The relations presented in Carpenter (2001) were used to convert the K 2MASS magnitudes to K SAAO magnitudes. For the Stype stars found in the Stephenson catalog that are not observed with Spitzer or ISO/SWS, the V − K and J − K colors are not phase-calibrated and not corrected for the interstellar reddening because the distances and pulsation characteristics are very uncertain.
From this figure, we can see that although we have indirectly removed stars with V − K > 10 mag from our sample, this effect is only small and we excluded only the coolest stars which have high mass-loss rates, less than 5% of all S-type stars. Furthermore, the figure shows that the sample of S-type AGB presented in Hony et al. (2009) is biased towards higher massloss rates, because the limited sensitivity of the ISO/SWS spectrograph favors stars with a strong infrared excess. We have to keep both biases in mind when we compare our results with literature.
Data

Spitzer Space Telescope
The IRS data of all 90 S-type stars were obtained using the IRS Standard Staring mode. The targets were observed in two positions in each aperture (SL1, SL2, LL1 and LL2) to obtain lowresolution spectra over the entire wavelength range (5-38 µm). All data were taken during a period from September 2006 to October 2007 .
For the data reduction we used the FEPS pipeline, developed for the Spitzer legacy program "Formation and evolution of planetary systems". A detailed description can be found in Hines et al. (2005) . For the extraction we start from the intermediate droop data products as delivered by the Spitzer Science Center, together with the SMART reduction package tools described in detail in Higdon et al. (2004) . The spectra were extracted using a fixed width aperture, so that 99% of the source flux falls within the aperture. After the extraction of the spectrum for each nod position and cycle, a mean spectrum over all slit positions and cycles is computed for each individual order. Thereafter, the orders are combined. In regions where there is order overlap, the fluxes are replaced by the mean flux value at each wavelength point. The IRSFRINGE package was used for the de-fringing of the spectra. For the calibration, spectral response functions were calculated from standard stars and corresponding stellar models. The estimated average uncertainty on the spectral response function and uncertainty on the extracted spectra are incorporated in the final estimated error. Finally, for each target a one-dimensional spectrum is computed by stitching together overlapping orders. This is done by multiplying the LL orders with a correction factor to match the mean flux with the SL orders in the overlapping wavelength range. No wavelength shifting or spectral tilting is performed.
Additional ground-based data
SAAO
For 69 of the 87 stars in our sample, we have obtained JHKL magnitudes (1.25, 1.65, 2.2 and 3.5 µm) at the South African Astronomical Observatory (SAAO). The observations were made with the MkII infrared photometer on the 0.75-m telescope. The accuracy is typically better than 0.03 mag in the J, H, and K band, and better than 0.05 mag in the L band. All JHKL magnitudes derived for these stars are given in Table 1 .
Low-resolution optical spectra
Low resolution optical spectra were obtained for 81 of the 87 stars in our sample. The southern objects were observed with the 1.9-m telescope at SAAO, whereas the more northern objects were observed with the ISIS spectrograph mounted on the 4.2-m William Herschel Telescope (WHT) at the Observatory de Roque de los Muchachos (ORM) situated at La Palma. The spectra were wavelength calibrated with a CuNe+CuAr lamp. The correction for atmospheric extinction was performed using the average curve for the local, continuous atmospheric extinction at the site. The resulting SAAO spectra cover the 4800-7700 Å range with a resolving power of R = λ ∆λ ≈ 3800. The spectra of WHT consist of a blue arm, spanning 3700-5350 Å with a resolving power of R ≈ 5000 and a red arm, spanning 5100-8100 Å with a resolving power of R ≈ 3800.
High-resolution optical spectra
We obtained high-resolution spectra for some of the brightest targets in our sample. Eight southern sources were observed with the Coralieéchelle spectrograph at the Euler telescope in La Silla, spaning 3900-6800 Å, with a resolving power of R ≈ 50 000. Thirteen northern sources were observed with the HERMESéchelle spectrograph at the Mercator telescope in La Palma (Raskin et al. 2011) , covering 3770-9000 Å with a resolving power of R ≈ 85 000. We use the end-products of the automatic data reduction pipelines for both instruments.
Dereddening
To remove the effects of interstellar, wavelength dependent extinction from the ground-based and Spitzer data, we start from the 3-dimensional reddening models of Drimmel et al. (2003) and Marshall et al. (2006) . The Marshall model returns the Kband extinction for over 64 000 lines of sight, each separated by 15 , based on the 2MASS point source catalogue. When possible, we use this model to estimate the extinction, but the Marshall model only covers the inner Galaxy (|l| ≤ 100
• , |b| ≤ 10
• ). The model presented in Drimmel et al. (2003) returns Vband extinctions for the entire sky. The data are dereddened, using the extinction laws of Cardelli et al. (1989) for the optical and NIR data and Chiar & Tielens (2006) at longer wavelengths.
Stellar parameters
Because the spectral appearance of S-type AGB stars depends strongly on the stellar parameters such as T eff , C/O ratio, sprocess element abundance and iron abundance, it is possible to constrain these stellar parameters by comparing model atmospheres to observational data. These stellar parameters characterize the chemical conditions in the stellar atmosphere. Especially the C/O ratio is expected to have a very profound impact.
Because the sample selection is based on the ASAS and NSVS catalogs, we are able to constrain the pulsation characteristics of most stars. The period and amplitude of the V-band variations characterize the variability of the stellar atmosphere.
Chemical characterization
Comparison with MARCS model atmospheres
The stellar parameters were derived using a grid of model atmospheres specially computed for S-type stars with the marcs code (Gustafsson et al. 2008) . This model grid has been described in Van Eck et al. (2010) and Neyskens et al. (2010) . The full detailed description will be published in a forthcoming paper (Plez et al., in preperation) . To summarize briefly, the grid covers the following parameter space: 0.5, 0.750, 0.899, 0.925, 0.951, 0.971, 0.991 
The unequal C/O spacing has been designed to cover in an optimal way the change of the absorption features affecting the op-tical spectra when C/O increases from 0.5 to unity. All models were computed for a stellar mass of M = 1 M and with [α/Fe] = −0.4 × [Fe/H]. It is essential to take into account the non-solar C/O ratio of S-type stars since it has an important impact on the partial pressures of H 2 O and TiO, two major opacity contributors. Coupled with s-process overabundances, it affects the depth of the prominent ZrO bands observed in S-type stars. The effect of the gravity was found to be too degenerate to be constrained solely with the observational data available for the present study. Therefore it was fixed in the following way, devised to approximately follow the portion of the AGB covered by the S stars under consideration: log g = 0 if T eff < 3400 K, log g = 1 otherwise. Similarly, low-resolution spectra do not allow to lift the degeneracy between metallicity and s-process overabundance.
A set of well-chosen photometric and narrow-band indices were then computed on the basis of low-resolution synthetic and observed spectra (see Van Eck et al. (2010) for more details). The low-resolution spectra used here consist of Boller & Chivens spectra (∆λ = 3 Å, 4400 − 8200 Å), SAAO spectra (∆λ = 1.8 Å, 4800 − 7700 Å) and WHT spectra (∆λ = 1.8 Å, 5100 − 8100 Å). Two colour indices V −K and J−K as well as three spectroscopic indices (strengths of the carefully-selected ZrO and TiO bands, as well as the strength of the Na D lines) were used to define a total of five indices.
Chi-square minimization between observed and synthetic indices then led to a set of plausible physical parameters (effective temperature, gravity, metallicity, C/O ratio, and [s/Fe]). The agreement between selected synthetic spectra and the observed optical and infrared low-resolution spectra is in most cases very good. However, it is sometimes difficult to select one out of the first few "best-matching" synthetic spectra. In fact, the uncertainties inherent to the whole procedure (e.g., non-simultaneous photometry and spectroscopy, stellar variability, or approximate values of the reddening) have to be taken into account in estimating the best model and the uncertainty on the stellar parameters. The resulting value and uncertainties on the stellar parameters T eff , C/O, and [s/Fe] that provide a reasonably good fit between the low-resolution observed and synthetic spectra are given in Table 3 .
Stellar properties
From the results in Table 3 we can get a general overview of the chemical properties of the stars in our sample. The effective temperature spans a range from 2900 K for the coolest S-type star to 3650 K for the hottest one, with most stars with T eff around 3300 K. There is a strong correlation between the place in the ZrO-TiO plot and the C/O ratio. The ZrO and TiO indices can thus be used as indirect indicators for the C/O ratio (see Fig. 2 ). We will make use of this relation throughout the entire paper. The figure shows that one can separate two groups, stars with a low C/O ratio are located at the upper left corner and the stars with a high C/O ratio towards the lower right corner. The position in this diagram can thus be used as a decent estimate for the C/O ratio.
From this figure, we can also see that there is a significant correlation between the [s/Fe] values and the C/O ratios. This obvious correlation was predicted and observationally confirmed in AGB stars Mowlavi 1997 ) and S-type stars in particular . Because all combinations of C/O and [s/Fe] were allowed, the presence of the relation is not inherent to the method to derive the stellar parameters, but rather shows that the method works well and can reproduce this relationship.
Variability characterization
To derive the pulsation parameters, we use the databases of NSVS and ASAS. A complete description of the instruments and reduction processes can be found in Woźniak et al. (2004b) and Pojmański (2004) . For some stars, additional V-band light curves are available from the American Association of Variable Star Observers (AAVSO).
Because for most stars only a few data-points are available, we use the generalized least-squares periodogram to find the pulsation periods of all stars (Zechmeister & Kürster 2009 ). This periodogram takes into account that for small datasets the sample average can differ significantly from the true average. Some semi-regular variables are known to exhibit long secondary periods (LSP), typically 5 to 15 times longer than the primary period. When detected, such variations are removed (prewhitened) from the light curve and the period analysis is repeated. The results of this analysis can be found in Table 2 .
The period analysis resulted in detected periods for 54 of the 87 stars in our sample. For most cases where no significant periodicity was found, this can be explained by the short timespan of the NSVS light curves. These short timespans allow an identification of the amplitude of the variations, but a period analysis needs longer timespans. For eight stars, the lack of periodicity is due to intrinsic irregular behavior.
In addition to these periods, the General Catalog of Variable Stars (GCVS) gives the period to 18 stars. For 11 of these stars, we also derived a period, based on the NSVS, ASAS and AAVSO light curves. As shown in Table 2 , the derived period for 10 of these 11 stars is in close agreement with the periods shown in the GCVS. However, the recent data shows that V899 Aql has a period of 374 days and is most likely a Mira, this star is classified as a semi-regular variable in the GCVS, with a period of 100 days. In further calculations, we will use the periods and pulsation types derived from the NSVS, ASAS, and AAVSO light curves if available. The sample contains 6 irregular pulsators, 38 semi-regular variables and 21 Miras.
Naked stellar atmospheres
The 87 S-type stars in our sample show a wide variety of features in the infrared spectra. Some stars show clear dust/molecular emission features, while others only show the molecular absorption features typical for "naked" stellar atmospheres. Because stars with and without emission features have to be treated separately, we classify the targets into naked stellar atmospheres and stars with additional emission features. Out of the 87 stars, 47 are classified as naked stellar atmospheres. The other stars show relatively strong emission features on top of these stellar atmospheres which are due to (i) molecular emission from extended atmospheres (3 stars), (ii) the typical emission features from hydrocarbons (4 stars) or (iii) dust emission (32 stars). Here, we focus on the naked stellar atmospheres. The dust emission will be discussed in more detail in Sect. 6 and the molecular emission in Sect. 7.
Overview of the observed absorption bands
In the bottom panel of Fig From this figure it is clear that all stars in our sample show absorption bands of oxygen-rich molecules such as H 2 O and SiO. The right panel shows the 19 stars with a significant SiS absorption band at 13 µm. The remaining panels show the 28 stars without SiS absorption. We did not detect the strong absorption features at 7.2 (SO 2 ), 7.6 (H 2 O 2 ), 13.8 (C 2 H 2 ), 14 (HCN) or 15 µm (CO 2 ) typical for of SO 2 , H 2 O 2 , 2h2, HCN and CO 2 .
The relation between SiS absorption and the C/O ratio
Considering the partial pressures, Cami et al. (2009) predicted that SiS absorption will only be visible in the S-type AGB stars with C/O ratios very close to unity. Fig. 4 shows the ZrO and TiO index for all naked stars, with a color scale indicating the C/O ratio for stars with and without significant SiS absorption. From this figure it is clear that there is a strong relation between the estimated C/O ratio and the presence of SiS absorption: all stars with C/O > 0.96 show SiS absorption and all stars with C/O < 0.96 have no significant SiS absorption bands. It should be noted that the C/O and SiS determinations are completely independent. The C/O ratio is determined, based on the optical spectroscopy and optical and NIR photometry, while the SiS bands are only observed in the Spitzer spectra.
Two conclusions can be drawn from this: (i) the C/O ratio is key to understanding and modeling the IR spectra of S-type AGB stars and (ii) the presence of the SiS absorption bands can help constrain the C/O ratio in stars, which can be a useful tool when the C/O ratio cannot be derived otherwise. 
Dust identification
In this section we focus on the 32 stars with significant dust emission features in the IR spectra. We first give an overview of the dust formation sequence in M-and C-type stars and then we compare this with what we find for S-type AGB stars.
Dust formation in AGB stars
The study of the dust condensation chemistry in AGB stars has mostly focused on the formation of oxygen-rich dust species in M-type stars or carbon-rich dust species in C-stars. In Fig. 5 we show the formation pathways for several dust species that are known to be important in oxygen-rich and/or carbon-rich stellar outflows.
Although it is not yet observationally confirmed, a consistent theory for the dust formation in M-type AGB stars exists. Theoretically, the first condensate to form is alumina grains (Al 2 O 3 ), which can condense at temperatures as high as 1760 K. When these grains interact with the circumstellar SiO and Ca, melilite is formed. This melilite is first pure gehlenite, but can later on become akermanite due to additional interactions with the circumstellar Mg. Due to the formation of akermanite from gehlenite grains, alumina grains are released from the gehlenite grains and can go on to form additional alumina grains (if the local temperature is above 1510 K) or spinel grains (if the temperature is below 1510 K). The melilite reacts at 1450 K to produce diopside and more spinel. The reaction of diopside and spinel can form anorthite. Further on in the wind, at lower temperatures, these grains can be the seeds for the formation of enstatite, forsterite and the amorphous silicates we observe in many AGB stars. (this scenario was proposed and adapted by Grossman & Larimer 1974; Onaka et al. 1989; Tielens 1990; Cami 2002 the magnesium-rich oxides can form at higher temperatures (up to 1200 K) due to the reaction of H 2 O with atomic magnesium (Ferrarotti & Gail 2003) . The broad picture for C-type AGB stars is simpler, but some key details have yet to be filled in. The main dust species detected in carbon-rich stars are amorphous carbon, silicon carbide and magnesium sulfide (Treffers & Cohen 1974; Goebel & Moseley 1985; Martin & Rogers 1987; Andersen et al. 1999; Chan & Kwok 1990; Hony et al. 2002; Zijlstra et al. 2006; Lagadec et al. 2007; Leisenring et al. 2008) . One of the key questions in the carbon-species formation is the importance of mantle chemistry, for example the nucleation of amorphous carbon and magnesium sulfides as mantles around silicon carbide grains have been proposed as important dust formation mechanisms (Lorenz-Martins et al. 2001; Zhukovska & Gail 2008) .
Assuming a certain dust condensation sequence and an expanding stellar wind, one expects a process called freeze-out, where the sequence is not completed but stops at an intermediate product when the wind density drops below the density required for the next step. This freeze-out has been tentatively observed in AGB stars (e.g. McCabe et al. 1979; Heras & Hony 2005 ). An alternative, but qualitatively similar effect could be the exhaustion of oxygen in these S-type environments. If the C/O ratio is close to unity, the formation of alumina grains can use up most of the oxygen atoms available after the formation of CO. If this happens, the density of free oxygen atoms is too low to continue the dust condensation sequence along the path presented in Fig.  5 , analogous to the freeze-out (as predicted by Sloan & Price 1998) . We will refer to this process as oxygen depletion.
Dust decomposition tool
The first crucial step towards understanding the dust condensation sequence of these S-type stars in the present sample is the identification of the dust emission features in the infrared spectra. We developed a simple tool to decompose the infrared spectra into a stellar continuum and the dust emission features of each individual dust species.
If we assume an optically thin circumstellar environment, where the dust condenses out instantaneously once the temperature gets below a certain threshold T 0 and where the dust grains . The estimated dust condensation temperatures for different dust species found in AGB stars. The large inset panel zooms in on the dust condensation sequence for oxygen-rich stars, starting from alumina grains. We highlighted the species which were included in our dust decomposition tool in grey.
are in thermal equilibrium, we can write the temperature profile in the circumstellar layers as:
where r 0 corresponds to the radius where the temperature in the outflow drops below T 0 .
The flux coming from a single dust species (using spherical grains and Mie theory) in an optically thin stellar wind with a 8 K. Smolders et al.: The Spitzer Spectroscopic Survey of S-type Stars constant mass-loss rateṀ d and outflow velocity v can be written as:
where ρ d is the density, Q ν the absorption efficiency, a the radius of the spherical dust grains, r 0 the inner radius of the dust shell, D the distance to the object and T d (x) the temperature profile as in Eq. 1 at a distance x = r/r 0 (Schutte & Tielens 1989) . Finally, we can combine all constants and unknown parameters into a single parameter β i for each dust species i. The total spectrum can then be written as:
where F ν, is the flux of the central star at frequency ν and β i is the scaling constant that controls the relative strength of the emission of a specific type of dust.
To arrive at the best fitting model, we use the Lawson and Hanson Non-Negative Least-Squares algorithm (NNLS), which gives the best model under the condition that β i ≥ 0. To estimate the uncertainties on the β i parameters, we multiply the uncertainties on the data with a factor until the χ 2 value for the best fit is 1. Using these new uncertainties, we add normally distributed noise to the spectrum and calculate the scaling factors β i for 1000 randomly disturbed spectra. If the mean value is significantly non-zero (i.e. outside the 99.9% confidence interval), we consider this a positive detection of that dust species in the infrared spectrum.
Because the MARCS model atmospheres still need validation at infrared wavelengths, we prefer to fit the stellar continuum and the emission simultaneously. Therefore, we allow the dust decomposition tool to make any linear combination of the naked stars presented in Sect. 5 and Planck functions of different temperatures, ranging from 500 K to 4000 K, as an estimate for the stellar continuum, F ν, . The big advantage of using the naked stars is that we can change the relative depth of the CO, SiO, H 2 O, and SiS bands to give the optimal fit, while we can change the slope of each individual star with the Planck functions. The drawback, however, is that we will not be able to distinguish between the stellar continuum and additional featureless continuum emission from e.g. metallic iron or amorphous carbon.
Finally, we have to decide which dust species to include in the dust decomposition tool and which to leave out. This is of vital importance because too few dust species will leave us unable to explain some emission features, while too many species would make the interpretation difficult and would lead to degeneracy. We started from a wide range of dust-species, including titanium oxides, titanium carbides, silica and all dust species presented in Fig. 5 . We rejected those species that did not improve the goodness-of-fit to the IRS spectrum. The final selection of dust species is:
Amorphous alumina Amorphous alumina has a high condensation temperature and is thus expected to be at the start of the dust condensation sequence of oxygen-rich stars (see Fig.  5 ). The most prominent feature of amorphous alumina is at 11.2 µm with a broad red wing, reaching up to 15.6 µm. It is a common component of the circumstellar wind of Mtype AGB stars. Optical constants have been taken from Begemann et al. (1997) .
Amorphous silicates The strongest emission features due to oxygen-rich dust are the two emission features at 9.8 and 18 µm due to the stretching and bending of Si-O bonds in amorphous silicates. These features dominate the infrared spectra of most M-type stars. Amorphous silicates form at relatively low temperatures and are thus expected to be at the end of the dust condensation sequence. Here, we have chosen olivines as representative of the typical silicates that are observed in AGB stars. Optical constants have been taken from Jaeger et al. (1994) . Gehlenite We know from Hony et al. (2009) that the peak of the silicate features in S stars is not at 9.8 µm as in M-type stars, but shifted towards redder wavelengths, up to 10.6 µm.
Since this cannot be explained with only amorphous silicates, we need to include gehlenite, which is an aluminosilicate (Ca 2 Al 2 SiO 7 ). A combination of amorphous silicates, gehlenite and amorphous alumina can explain the broad and shifted 10.6 micron feature. Optical constants have been taken from Mutschke et al. (1998) . 19.8 µm feature Although the identification of this distinct emission feature at 19.8 µm is often attributed to iron oxides (Cami 2002; Posch et al. 2002) , other authors have argued that the 19.8 µm emission, together with additional emission features at 28 and 32 µm is due to crystalline silicates (Sloan et al. 2003) . These features are visible in many M-type stars and most clearly in stars with low mass-loss rates. We were unable to reproduce the 19.8 µm emission using only crystalline silicates without introducing strong additional emission features in the 9-11 µm region, which we do not observe. Therefore, we prefer iron oxides (more specifically Mg 0.1 Fe 0.9 O). Optical constants have been taken from Henning et al. (1995) . The 13 µm feature Since the first detection of the 13 µm feature by Vardya et al. (1986) , it has been attributed to different carriers: corundum (crystalline Al 2 O 3 , Glaccum 1995), silica (SiO 2 , Speck 1998) and spinel (MgAl 2 O 4 , Posch et al. 1999) . The debate on the exact carrier of the 13 µm feature is still ongoing (DePew et al. 2006 ). In our dust decomposition tool, we tried all three carriers and found that both corundum and spinel can reproduce the emission, but the best results are obtained with spinel. However, detailed modeling is required to attribute the 13 µm unambiguously to any one carrier, which is beyond the scope of this paper. Optical constants for spinel have been taken from Fabian et al. (2001) . Magnesium sulfides The most remarkable feature in the spectra of these S-type stars is the broad 26-30 µm emission feature, attributed to magnesium sulfides. A similar feature has already been observed in two S-type stars, W Aql and π 1 Gru (Hony et al. 2009 ). Because of the lower spectral resolution of our set of spitzer spectra, the two separate emission peaks at 26 and 28 µm visible in the ISO/SWS spectra are blended to a single, broad emission feature. In our dust decomposition tool we use the mass absorption coefficients of magnesium sulfide. Optical constants have been taken from Begemann et al. (1994) .
Although we could expect the presence of the narrow 11.3 µm emission feature of amorphous SiC grains (optical constants have been taken from Mutschke et al. 1999) in stars with C/O ratios close to one, replacing one of the aforementioned dust species with amorphous SiC grains resulted in higher χ 2 values for all spectra. We can confidently state that amorphous silicates, gehlenite and amorphous alumina are necessary to explain the data. Furthermore, the inclusion of SiC, together with the other dust species, did not significantly lower the χ 2 for our sample of S-type stars. Therefore we did not include amorphous SiC grains in the simple fitting routine. More detailed modeling is necessary to make a statement on the absence or presence of SiC grains, but we can conclude that the SiC emission is not strong in any of our stars.
Overview of the detected dust species
The results of the dust decomposition tool can be found in the online Appendix. Although S-type stars can have C/O ratios very close to unity, the majority of the stars only show dust emission features similar to those found in oxygen-rich stars.
Classification of the dust spectra
Based on the results of the dust decomposition tool, we can subdivide the infrared spectra into 3 groups of spectra with: (i) strong emission features of silicates and gehlenite at 10 and 18 µm (16 stars), (ii) emission of alumina at 11.2 µm and of magnesium sulfide at 26-30 µm (10 stars), or (iii) a 13 µm and 19.8 µm emission feature (6 stars).
Group I, stars with strong silicate/gehlenite features:
Approximately half of the stars with dust features in our sample, show a dominant emission feature around 10 µm, due to the stretching of Si-O bonds of silicate or gehlenite dust grains. In Fig. 6 we show all stars with a strong 10 µm feature. All spectra in the right panel show substructure at 9.8 and 11 µm, sometimes accompanied by a sharp peak at 13 µm, the spectra in the left panel show a single broad emission feature that peaks at wavelengths up to 10.9 µm. Although the dust decomposition tool can reproduce the emission features with substructure, it is impossible to reproduce the broad and smooth emission features, peaking at 10.5 µm, visible in the left panel, without showing substructure. Hony et al. (2009) found 11 stars with a single smooth emission feature at ∼ 10.5 µm. This feature was only found in Stype AGB stars, while there were no oxygen-rich AGB stars that exhibit the same emission feature. The authors argue that the broad and smooth emission found in these S-type stars is fundamentally different from the substructured emission in oxygen-rich AGB stars and the shift towards longer wavelengths is due to an increase in the magnesium-to-iron ratio in S-type stars. Group II, stars with alumina, 13 µm and 20 µm features: Fig. 7 shows the six stars in Group II. Although some stars do show some indication for the presence of silicates, the dominant emission features are the 11.2 µm emission due to amorphous alumina, a strong and sharp 13 µm feature and the broad 19.8 µm emission. A similar combination is also common in oxygen-rich stars with low mass-loss rates (Sloan et al. 2003) .
Many stars with a strong 13 µm feature also show the previously detected, unidentified emission features at 28 and 32 µm indicated with arrows in Fig. 7 . Because the 28 and 32 µm features can blend into a broad plateau with two narrow emission features at 28 and 32 µm, the dust decomposition tool sometimes wrongly models this broad plateau with emission of magnesium sulfides. This error can easily be identified because the residuals still show the narrow 28 and 32 µm emission peaks. Several carriers have been suggested for these features, the most important candidates being crystalline silicates. However, the dust decomposition tool cannot explain the 28 and 32 µm emission features with these carriers without introducing strong additional emission features that we do not observe. Group III, stars with magnesium sulfide and alumina features: The ten stars in Fig. 8 show two dominant emission features, one attributed to amorphous alumina and the other to magnesium sulfide. Because of the absence of strong silicate features or a strong 19.8 µm feature, the 26-30 µm emission of magnesium sulfides is clearly visible on top of the 11.2 µm of amorphous alumina and can easily be separated from the 28 and 32 µm emission of Group II stars. The substructure that can be seen in some of these stars at 6.6 and 13.6 µm is most likely due to emission of SiS gas near the star, as explained in Sect. 7.2. Fig. 7 . The spectra of all stars in our sample with an infrared spectrum dominated by the emission of amorphous alumina at 11.2 µm, the 13 µm and the 19.8 µm feature (Group II). The bottom panel shows CSS 480, with the relative flux contribution each of these emission features. The previously detected, unidentified emission features at 28 and 32 µm are indicated with black arrows.
C/O dichotomy
In Fig. 9 we show the ZrO and TiO indices of all stars in our sample with dust emission features, using different symbols for the different dust groups. From this figure it is clear that (i) the stars in Group I are distributed more or less uniformly throughout this graph, spanning a wide range of ZrO indices, TiO indices and C/O ratios, while (ii) the stars from Group II are located in the upper left corner of the diagram with low C/O ratios, and (iii) the stars from Group III clutter in the lower right corner with C/O ratios close to unity. Because the number of stars with known C/O ratios in each separate group is small, we used an unpaired T-test to check whether there is a significant difference in C/O ratios between these groups. We found that the C/O ratios of stars in Group II are significantly lower than the values for Group III stars (P < 0.1%). This dichotomy shows that there is a clear dependence of the circumstellar dust mineralogy on the chemical composition of the stellar atmosphere in general and more specifically on the C/O ratio. 
Comparison with the Sloan & Price classification
Sloan & Price (1995, 1998 ) also present a classification scheme for IR spectra of AGB stars, using flux ratios at 10, 11, and 12 µm to quantify the shape of the spectrum in that region. The ratio F 10 /F 11 is an a proxy for the width of the 10 µm feature and F 10 /F 12 for the strength of the red shoulder. Sloan & Price (1995) find that these flux ratios are strongly correlated and represent this correlation with a powerlaw. Along this sequence, they subdivide the stars into eight separate classes, where the stars with the lowest F 10 /F 11 and F 10 /F 12 ratios fall in the SE1 class and the stars with highest ratios in the SE8 class. The interpretation of this sequence is that the spectral appearance of the stars in classes SE1-SE3 is dominated by oxides, the stars in classes SE6-SE8 are dominated by amorphous silicates and the intermediate classes show indications of both dust species. This change in spectral appearance with increasing SEclass number has been explained as either an effect of increasing mass-loss rates (for example in Sloan et al. 2003; Pitman et al. 2010) and alumina uses up the available oxygen, no free atoms will remain to form silicate grains, and alumina grains will dominate the resulting shell (Stencel et al. 1990) . The difference between both interpretations is only whether the mass-loss rate or the C/O ratio is the dominating cause of this observed sequence.
In Fig. 10 we compare this power law with the flux ratios we find for the stars in our sample of S-type stars. Although we subtract the continuum flux in a different way, using the continuum estimates determined by the dust decomposition tool, as a combination of naked stellar photospheres and Planck curves of different temperatures, instead of the adapted Engelke function used by Sloan & Price (1998) , we find a similar relation between the flux ratios. The majority of the S-type stars in our sample have classification SE1-SE4, and only a third of the stars have classification SE5-SE8, similar to the findings in Sloan & Price (1995 . Based on our sample, we find that most stars from Group I can be classified as SE5-SE8 stars, while stars from Group II and Group III make up classes SE1-SE4. Although Group II and Group III stars clearly have different IR spectra at longer wavelengths, they have similar 10-12 µm features and hence there is no difference between the Sloan & Price classification of both groups. Hence, the stars with C/O ratios close to unity (Group III) make up the same IR classes as stars with low C/O ratios (Group II). This is contradictory to the idea that the 10-12 µm emission is determined by the photospheric C/O ratio for AGB stars. However, there is still a likely difference between the position of these stars in Fig. 10 . Most stars of Group III are situated below the powerlaw, while the stars of Group II are above it. If this effect is real, we can conclude that the C/O ratio does not determine the Sloan & Price classification, but might explain the spread on this correlation, while the Sloan & Price class is determined by the mass-loss rate.
Molecular emission features
Hydrocarbon emission
Hydrocarbon molecules exhibit very characteristic emission features in the 5-14 µm region, the most prominent at 6.2, 7.9, 8.6, and 11.2 µm. These features arise from the bending and stretching of the carbon and hydrogen bonds in the large molecules. Peeters et al. (2002) showed that the 7.9 µm PAH feature can be very different from source to source. They classified the PAH spectra in three classes, based on the peak wavelength of this feature. For type C sources, the peak of this feature is shifted to 8.2 µm, marking a clear difference with the 7.9 µm feature of class B PAHs and the 7.6 µm feature of class A PAHs. Smolders et al. (2010) present the detection and identification of polycyclic aromatic hydrocarbon (PAH) emission in four S-type AGB stars from the present sample (BZ CMa, KR Cam, CSS 173 and CSS 757). Based on the peak-wavelength, BZ CMa is the only one that shows the B class PAHs resembling PNe, Herbig Ae/Be stars, and red supergiants (Tielens 2008) . The other three stars can be classified as rare class C sources resembling some of the PAHs found in post-AGB stars (Gielen et al. 2009 ), the carbon-rich red giant HD 100764 and in a disk around the oxygen-rich K giant HD 233517 (Jura et al. 2006) .
Furthermore, these relatively red emission features are consistent with the strong correlation found between the centroid wavelength of the 7.9 µm feature and the temperature of the central star Keller et al. 2008; Acke et al. 2010) . The detection of PAHs in four S-type stars extends this correlation towards lower temperatures and more redshifted features. This is consistent with the hypothesis that Class C PAH spectra arise from a mixture of aliphatic and aromatic hydrocarbons, perhaps as isolated PAH molecules embedded in a matrix of aliphatic hydrocarbon bonds, found around stars with weak UV radiation fields (see Pendleton & Allamandola 2002 , Fig. 17 ). The hydrocarbons around CSS 757, KR Cam, and CSS 173 thus represent the composition as condensed in the AGB wind, before entering the interstellar medium where harsh UV radiation alters their chemical structure.
In Fig. 11 we again show the ZrO and TiO indices of all stars in our sample. From this figure, it is clear that the stars with hydrocarbon emission have C/O ratios that are higher than average. This is consistent with the idea that in stars with a nearly equal amount of carbon and oxygen atoms, non-equilibrium, shockdriven chemistry can form C 2 H 2 molecules in the outer regions of the stellar outflow. These molecules are, further out in the wind, the necessary building blocks for the formation of hydrocarbons (Allamandola et al. 1989 ). Sloan et al. (2011) identify the emission features at 6.6 and/or at 13.5 µm as molecular emission of SiS. These features appear at precisely the wavelengths where they are detected in absorption (Cami et al. 2009 ). The lack of any wavelength shift strongly suggests that the emission is from SiS in the gas phase. Sloan et al. (2011) only discuss the two stars in our sample with the strongest emission features (CM Cyg and CSS 1005), an additional five stars show a significant emission band at either 6.6 or 13.5 µm, all of which are classified as Group III stars (see Figs. 12) . The presence of these features in emission show that the SiS molecules are not only abundant in the stellar atmosphere, but also in the outer layers of the AGB wind.
SiS emission
In Sect. 5 and 6.3.2 we have shown that both magnesium sulfide grains and SiS molecules are only observed around Stype stars with C/O ratios close to unity (see Fig. 4 and Fig. 9 ). Therefore, this strong relation between the presence of SiS emission and the dust classification could be explained as a shared dependence on the C/O ratio. However, it is possible that the magnesium sulfide grains in these stars are formed by a reaction of SiS molecules with Mg, as discussed in Sect. 8.4.
CO 2 emission
The narrow features at 13.9, 15 and/or 16.2 µm, visible in 9 objects have been identified as CO 2 emission lines (more specifically 12 C 16 O 2 ). These lines are observed in approximately 30% of oxygen-rich AGB stars, most of which also show a 13 µm feature (Justtanont et al. 1998; Sloan et al. 2003) .
To extract these emission features, we fit a line under the features (at 13.7 and 14.1 µm for the 13.9 µm feature, 14.7 and 15.2 µm for the 15 µm feature, and 15.9 and 16.5 µm for the 16.2 µm feature). As a conservative criterion, we consider a detection of CO 2 emission if all three features are significant at a 99% confidence level. In our sample of S-type stars, we detect significant CO 2 emission features in the 5 objects shown in Fig.  13 . The grey bands indicate the location of the emission features. It is clear from Fig. 11 , that all stars with a positive detection of CO 2 emission lines have low C/O ratios. Because CO 2 requires an oxygen-rich environment to form, this dependence on the C/O ratio is not unexpected. Furthermore, although the signal-to-noise ratio and the resolution of the spectroscopic data do not allow for a quantitative analysis of the relationship between the strength of the CO 2 features and the 13 µm feature, we can confirm that the 13 µm feature is present in most of the stars with CO 2 emission (4 out of 5 objects). This relation between the presence of the 13 µm emission and the detection of CO 2 could be explained as a shared dependence on the C/O ratio.
Discussion
Carbon-versus oxygen-chemistry
We find that almost all S-type AGB stars in our sample show either molecular absorption of molecules such as H 2 O or SiO, and/or emission due to dust species such as amorphous alumina or silicates. This mainly oxygen-dominated chemistry in the Stype stars is also confirmed by the stellar parameters, derived from the marcs model atmospheres, where we find that marcs models with C/O ratios between 0.5 and 0.99 can explain the optical spectra of all stars in our sample. This lack of carbon- rich S-type stars is a direct consequence of the spectral classification: for an AGB star to be classified as an S-type star, the ZrO bands need to be present in the optical spectrum. Ferrarotti & Gail (2002) show that the presence of ZrO in the stellar atmosphere critically depends on the C/O ratio of the star. When the C/O ratio becomes larger than unity, the abundance of ZrO in the stellar atmosphere drops several orders of magnitude and hence the strength of the absorption bands drops, until the ZrO bands are not detectable anymore and the star is not classified as an S-type star (Piccirillo 1980) . However, some stars additionally show absorption bands of SiS, hydrocarbon emission features or the broad emission feature of magnesium sulfide dust, which are typical for carbon-rich sources. However, there are no stars in our sample with an IR spectrum that only shows carbon-rich characteristics. Because all stars in our sample have oxygen-dominated stellar atmospheres, it is remarkable that we can observe emission features that are generally only found in carbon-rich environments. The presence of these emission features indicates the (possibly strong) importance of non-equilibrium chemistry in the circumstellar environment of these AGB stars. The best example of this is the presence of hydrocarbons around KR Cam, CSS 173, CSS 757, and BZ CMa. The thermal equilibrium calculations presented in Ferrarotti & Gail (2002) do not show the production of hydrocarbon molecules, because the majority of the carbon atoms would be locked in the stable and abundant CO molecule. Two main scenarios have been proposed to explain the presence of the hydrocarbon emission in these S-type stars. The first scenario assumes the formation of hydrocarbons from the basic atoms, in the AGB wind itself. Cherchneff (2006) shows that, in AGB stars with a C/O ratio close to unity, non-equilibrium chemistry predicts the formation of C 2 H 2 molecules in the stellar outflow (Cherchneff et al. 1992; Cau 2002) , which are the building blocks for hydrocarbons (Allamandola et al. 1989) . Although this mechanism can explain the formation of hydrocarbons around S-type stars, C 2 H 2 has a very distinct and sharp absorption feature at 13.7 µm, which is not observed in our Stype stars. The second scenario starts from larger, carbonaceous grains that are broken down into smaller structures, such as hydrocarbons. However, this scenario still requires the presence of carbonaceous dust grains in an oxygen-rich stellar environment.
Variability characteristics versus dust properties
The stellar winds in AGB stars are commonly attributed to the coupled effect between large amplitude pulsations and radiation pressure on dust grains (Hoefner et al. 1998) . This relationship between the pulsations of the stellar atmosphere and the circumstellar environment can be translated into in a relationship between the properties of the infrared spectrum and the variability characteristics of the star. For oxygen-rich stars, a survey of the globular cluster 47 Tuc has shown that not only the mass-loss rate, but also the dust mineralogy changes as the stars evolve towards higher luminosities and longer pulsation periods (Lebzelter et al. 2006; van Loon et al. 2006; McDonald et al. 2011) .
We were able to derive the period and amplitude of the pulsations for 55 out of the 87 S-type stars in our sample. This gives us a small subset of stars with and without a dusty circumstellar environment with known variability characteristics. An analysis of this subset shows no significant difference between the periods and amplitudes of the stars with and without dust emission. Apparently for these S-type AGB stars, the period and amplitude of the pulsations are not enough to explain why approximately 65% of the stars have no circumstellar dust, while the other 35% do. Furthermore, it is remarkable that we have detected 5 Mira-like pulsators without significant dust emission features. Looking at the slope of the IR spectra, we can argue that three of these stars have a continuum excess, which might arise from amorphous carbon or metallic iron (AU Car, RX Car and CSS 724). However, CSS 794 and XY CMi show no dust excess at all.
Furthermore, a multivariate analysis of the variability characteristics, the stellar parameters and the results from the dust decomposition tool found no significant correlation with either amplitude or period. From this, we can conclude that during this short evolutionary phase where a star is visible as an S-type star, the period and amplitude are not indicative for the mineralogy or the dust mass-loss rate.
Dust formation around S-type AGB stars
In Sect. 6 the dust decomposition tool was used to quantify the contribution of dust emission features to the infrared flux between 5 and 35 µm. A multivariate analysis of these parameters, together with the stellar parameters (T eff , C/O and [s/Fe]) yields four significant correlations (using a 99% certainty interval) shown in Fig. 15 . As an indication for significance of the correlation, we give the probability of obtaining a Pearson, Spearman or Kendall correlation coefficient at least as extreme as the one that was actually observed, assuming that there is no correlation between the two given variables. In order to interpret Silicates and total dust emission If we remove the outlier V376 Aur, we find a significant correlation between the total dust emission and the flux percentage of silicate features, shown in Fig. 15(a) . This correlation indicates that stars with a larger dust excess, and thus a higher dust massloss rate, also tend to form silicates in their circumstellar environment. This is in close agreement with the study of Galactic bulge AGB stars (Blommaert et al. 2006 ) and the study of AGB stars in the Large Magellanic Cloud presented in Dijkstra et al. (2005) . Here, the authors find that the dust features displayed by oxygen-rich stars are mainly ascribed to alumina for low dust mass-loss rates, while stars with higher dust mass-loss rates show an increasing amount of silicates. Furthermore, if we look at the total dust excess in the three groups, we find that, on average, Group III stars have a higher dust excess than Group I and Group II stars. Although the difference is only tentative, this is still a noteworthy dichotomy between the three groups, because this is what could be expected based on the results of Blommaert et al. (2006) and Dijkstra et al. (2005) . Silicates and alumina In Fig. 15(b) we show the significant and strong inverse correlation between the relative flux contribution of alumina and silicates. This correlation can be explained by the standard dust condensation sequence, if we take into account freeze-out. Alumina seeds are formed early on in the dust-condensation sequence at high temperatures, but if the density in the wind is high enough, eventually silicates will form and hence the relative flux contribution of alumina will decrease as the flux contribution of silicates increases. Magnesium sulfides and alumina In Fig. 15(c) a strong cor- relation between the relative flux contribution of magnesium sulfides and alumina is shown. This correlation is unexpected because the presence of alumina grains points to an oxygenrich circumstellar chemistry while magnesium sulfide emission is usually found in carbon-rich stars. Because this is the first time that this correlation is observed, it can be considered as a new constraint on any dust formation hypothesis for S-type AGB stars. Magnesium sulfides and silicates In Fig. 15(d) we show the inverse correlation between the relative flux contribution of silicates and magnesium sulfides. This correlation does not add extra constraints, because it is a consequence of the correlations between the relative flux contribution of (i) silicates and alumina and (ii) magnesium sulfides and alumina.
We propose that the dust formation in S-type stars is critically dependent on the C/O ratio and the total mass-loss rate. Because we expect that silicates only form further out in the wind where the temperature is low enough, the dust condensation sequence can be cut short before silicates start to condense. This could happen because (i) the density in the wind is too low to initiate the necessary chemical reactions (freeze-out) or (ii) there is not enough free oxygen to form the next dust species in the dust condensation sequence (oxygen depletion). At this point, stars with C/O ratios close to unity can only form alumina grains and possibly magnesium sulfide. Stars with lower C/O ratios still have enough free oxygen atoms to form alumina and the carriers of the 13 µm and 19.8 µm features. In stars with higher mass-loss rates, the density throughout the wind is high enough to start forming silicates. Because the formation of silicates requires a large number of oxygen atoms, the density at which silicates can condense might depend on the C/O ratio.
This hypothesis can explain perfectly why we can find Group I stars with any C/O ratio, as seen in Fig. 9 , while Group II stars are clearly oxygen-rich and Group III stars have C/O ratios close to unity. Furthermore, this hypothesis explains the difference in total dust excess between the groups and it takes into account the tentative correlation between the strength of the silicate emission and the total dust excess.
The formation of magnesium sulfides in S-type AGB stars
A number of observational and theoretical studies on the 26-30 µm emission feature in AGB and post-AGB stars, and in the environment of planetary nebulae show that magnesium sulfide is a wide-spread dust component in carbon-rich evolved stars Volk et al. 2002; Zijlstra et al. 2006; Lagadec et al. 2007) . As magnesium sulfide is usually observed in circumstellar environments dominated by carbon chemistry, the chemical models have focused on magnesium sulfide formation in a carbon-rich environment with and without silicon carbide condensation (Zhukovska & Gail 2008) . There are two main pathways to form magnesium sulfide grains. If the sulfur is locked in SiS molecules, the necessary reaction is:
If the sulfur is free from the SiS molecules because, for example, the silicon is consumed in the formation of silicon carbide, the free sulfur forms H 2 S molecules and the main reaction is:
Reaction II : H 2 S + Mg → MgS (solid) + H 2 Zhukovska & Gail (2008) find for carbon-rich AGB stars that only the growth of magnesium sulfide as mantles on SiC cores, following reaction II, can produce enough magnesium sulfide dust to explain the observations. Hence, following this formation mechanism, the production of magnesium sulfide depends on silicon carbide grains (i) to free the sulfur from SiS molecules (so that H 2 S can be formed) and (ii) as core grains on which the magnesium sulfide can form a mantle. Since we do not see strong silicon carbide emission features in any of our stars (although we cannot completely rule out the presence of a weak emission feature in the 10-12 µm range) we conclude that alternative seeds are necessary.
If reaction II is the dominant formation path to form magnesium sulfides, we need to free the sulfur from SiS before this reaction can take place. In a mixed chemistry region, there is a much wider variety of silicon-rich dust species as compared to a purely carbon-rich chemistry (see Fig. 5 ). Already at relatively high temperatures the corundum reacts with circumstellar gas to form gehlenite and further interactions lead to other siliconbearing dust grains such as akermanite, diopside, anorthite, and eventually silicate grains. All these dust species can consume silicon, hence allowing the free sulfur to form the H 2 S molecules, necessary for reaction II.
Although these silicon-bearing grains have emission peaks in the 10-20 µm range, the infrared spectra of most of the stars with clear magnesium sulfides emission also show amorphous alumina, without clear observational evidence for any siliconbearing dust species. Hence, the observations indicate that the presence of silicates or other silicon-bearing dust species is not a strict requirement for the formation of magnesium sulfides.
Because many stars with magnesium sulfide emission show additional emission peaks at 6.6 and 13.5 µm, due to molecular emission of SiS, the observations seem to indicate that reaction I is the main formation mechanism in these S-type AGB stars. Because sulfur is less abundant than magnesium, we can expect that more influx of SiS molecules in the wind would lead to more magnesium sulfides being formed. Furthermore, because SiS molecules are only formed in S-type stars with C/O ratios larger than 0.96, it automatically follows that we will only detect magnesium sulfide dust in stars with similar high C/O ratios, as is shown in Fig. 9 .
According to Zhukovska & Gail (2008) , the formation path of magnesium sulfide is more efficient as heterogeneous growth on a different type of dust particles that already have moderate radii. The dust species that may serve as carrier grains need to form dust grains with a size not much smaller than about 0.1 µm and need to be formed early on in the wind. The correlation shown in Fig. 15(c) indicates an (indirect) relation between alumina grains and the magnesium sulfide formation. Because alumina can form very early on in the wind (at temperatures above 1700 K) and because of the correlation between the relative flux contribution of alumina and magnesium sulfides (see Sect. 8.3), we propose the hypothesis that magnesium sulfides in S-type AGB stars are formed on amorphous alumina grains. In addition, this formation mechanism can explain the presence of SiS emission bands at 6.6 and/or 13.5 µm in many Group III stars, because it is a key ingredient for the formation of magnesium sulfides.
Results and conclusions
We present a new sample of Spitzer-IRS spectra for 87 galactic S-type AGB stars which were selected based on the presence of a ZrO absorption band at optical wavelengths, pulsation characteristics and K-band magnitude. Although the sample is slightly biased towards lower mass-loss rates, we show that we exclude less than 5% of the stars with high mass-loss rates. In addition to the IR spectra, we obtained optical spectra (low and/or high resolution) and infrared photometry for the stars in our sample.
We derived the chemical parameters (T eff , C/O, [s/Fe] and [Fe/H]) for a large subset of the sample, by comparing the available optical spectra to marcs model atmospheres.
For a large subset of the sample, we provide pulsation characteristics, based on the ASAS, NSVS and AAVSO light curves. The sample contains 6 irregular pulsators, 38 semi-regular variables and 21 Miras. It is remarkable that 5 of the 17 Miras do not show any dust emission features. This does not imply that these stars have no dusty wind, because we cannot exclude the presence of dust species, such as metallic iron and amorphous carbon.
We find that the presence of the SiS absorption band in the Stype stars without dust emission features is critically dependent on the C/O ratio. Stars with C/O ratios lower than 0.96 do not show significant absorption at 6.6 or 13.5 µm while all naked stellar atmospheres with C/O ratios above 0.96 show significant absorption bands. This opens up the possibility to use the SiS absorption band as an indicator for the C/O ratio.
We present a positive detection and identification of PAH emission in 4 S-type AGB stars, a detailed description and discussion is given by Smolders et al. (2010) .
We use a simple tool to decompose the IR spectra of the dustrich stars. This tool is used to identify the dust species that are visible in the IR spectra and to quantify the relative flux contribution of each dust type to the total flux. Based on this dust decomposition tool, we are able to classify the IR spectra into three distinct groups: (i) stars with strong silicate/gehlenite features, (ii) stars with strong 13 µm and 20 µm emission features and (iii) stars with magnesium sulfides and amorphous alumina. The fact that we find three separate classes is already a remarkable result, for example, no star has both a 13 µm feature and magnesium sulfide emission.
We also find a strong relation between the C/O ratio and mineralogy. We propose that, for stars with low mass-loss rates, the dust-condensation sequence is cut short and the remaining amount of free oxygen, together with the presence of SiS molecules in the wind determines whether sulfides will be formed (Group III) or whether we will observe a 13 µm and 20 µm feature (Group II). Stars with higher mass-loss rates can complete the dust formation sequence and form silicate grains (Group I). This scenario is consistent with the correlations shown in Fig. 15 .
Finally, we propose the hypothesis that magnesium sulfides in S-type stars are formed by a reaction of SiS molecules with Mg. This is based (i) on the observation that magnesium sulfides are only observed in stars with C/O ratios close to one, where SiS molecules are formed and (ii) on the detection of SiS emission in half of the stars with magnesium sulfide emission, indicating that the SiS molecules are present in the circumstellar environment. Furthermore, based on the formation mechanism of magnesium sulfides in carbon-rich AGB stars, we propose that magnesium sulfide is formed as mantles around dust grains, for example amorphous alumina. Table 1 . The basic data for the stars in our sample. From left to right we find the CSS number, the most frequently used names, the V magnitude Table 2 . The results of the period analysis for all stars as described in Section 4.2. A dash indicates that there was no significant pulsation period found or that the timeseries did not cover a timespan longer than the found period. 
